Introduction
Pulsed laser deposition (PLD) is a film deposition technique which is well suited for stoichiometric deposition of multicomponent materials [1, 2] . PLD has the advantage that the atoms/molecules arriving at the substrate during deposition have a kinetic energy which may exceed the thermal energy with several orders of magnitude [3] . It is therefore possible to grow films which otherwise would require a much higher substrate temperature, and which grow under strong non-equilibrium conditions. Even for compounds with volatile elements the thin films usually exhibit optical, electronic and structural properties similar to the bulk [4] [5] [6] [7] . However, for some materials with volatile components such as oxygen or sulfur, a part of the volatile fraction may be lost during the transfer to the substrate or during the film growth [2, 8] , which, for example, for oxides may lead to "metallic" rather than oxide films [9] .
Therefore, in the case of oxides, a background gas is frequently used to ensure correct stoichiometry or structure of the growing film [8] .
However, the procedure of compensating the loss of a volatile element with a background gas is undesirable with sulfur-containing compounds such as chalcogenides, as the gas H 2 S is toxic and therefore difficult to handle. Though some researchers have used H 2 S as background gas for PLD of ZnS [10] , other groups have succeeded in using PLD with no background gas or with Ar to make chalcogenide thin films without significant S deficiency or loss of crystallinity, e.g., ZnS, AsS and GeS [5] [6] [7] 11] .
We have previously used PLD to deposit the solar cell absorber material Cu 2 ZnSnS 4 (CZTS) in vacuum with no background gas, and we have observed sulfur as well as tin losses at deposition temperatures above 350°C [12] . We here deposit ZnS and Cu 2 SnS 3 at temperatures below 350°C in a similar single step process with ablation of a multicomponent target made from stoichiometric chalcogenide powders. Our measurements of CZTS films deposited on fused silica demonstrate that many phases occur [12] in contrast to films deposited on typical solar cell substrates such as Mo-coated soda lime glass.
ZnS and Cu 2 SnS 3 are interesting materials, not only because they are multicomponent materials with the relatively volatile element sulfur, but also because they are secondary phases in the promising solar cell material CZTS which has a band gap of 1.45 eV [13] . The additional grain boundaries from the secondary phases may trap the charge carriers in the solar cell absorber or directly lead to non-active 2 "dark space" in the case of ZnS with a high band gap of more than 3.5 eV [13] . These two effects are limiting the efficiency of the CZTS cell [13, 14] . In addition, the cubic phases of ZnS and Cu 2 SnS 3 are particularly hard to detect using X-ray diffraction within Cu 2 ZnSnS 4 , as the scattering peaks of all three compounds overlap [15] . Another interesting feature is that a pure absorber of Cu 2 SnS 3 can be used as a solar cell absorber, albeit with a low efficiency [16] .
ZnS is widely used in optical applications. It is a stable material transparent to infrared light, and in crystalline form it displays photo-, cathode-and electroluminescence when doped, e.g., with Mn [5, 11] .
In its cubic (zincblende) structure it has a direct band gap at about 3.54 eV, while the slightly less stable hexagonal (wurtzite) structure has a direct band gap at about 3.67 eV [17] . ZnS has been deposited by a number of different methods including thermal evaporation [18, 19] , metal-organic chemical vapor deposition [20] , and pulsed electron deposition [21] as well as PLD [5, 11, 22, 23] .
Cu 2 SnS 3 has previously been deposited as thin films by a variety of vacuum and non-vacuum methods including sulfurization of precursors produced by electron beam evaporation [16] , sputtering [24] , and electrodeposition [25] as well as, e.g., post-annealing of mixed elemental powders [26] and successive ionic layer absorption and reaction (SILAR) [27] . To our knowledge, Cu 2 SnS 3 has not previously been deposited by PLD. Several different crystal structures have been proposed for Cu 2 SnS 3 including cubic, tetragonal, and monoclinic phases with reported optical band gaps around 1 eV and with some variation in reported values [16] .
In the present work we examine the structural and optical properties as well as the stoichiometry of ZnS and Cu 2 SnS 3 films deposited at different fluences and substrate temperatures. Knowledge of these phases may assist us in identifying some of the phases which may occur in films of Cu 2 ZnSnS 4 deposited under similar conditions.
Materials and methods

Pulsed laser deposition
Pulsed laser ablation was carried out with a Nd:YAG laser operating at 355 nm with a pulse duration of 6 ns and a repetition rate of 10 Hz. The target rotated as the laser rastered across an area of approx. 0.5 cm 2 at an incident angle of 45° with a spot size of 3 mm 2 except for the measurements of the deposition rate at room temperature comparing ZnS to Zn, Cu, and Sn, for which the spot size was 1 mm 2 . The substrates used in this study were fused silica. The target-substrate distance was kept constant at 45 mm and the substrate was clamped to a heated holder; the deposition temperature was monitored with a thermocouple mounted on the heater surface at the edge of the substrate. The base pressure of the deposition chamber was usually below 10 -6 mbar.
Multicomponent hot-sintered targets were purchased from PVD products, Inc. deposited were on average between 400 and 600 nm thick. .
Characterization
Dektak profilometry was used to measure the thickness of deposited films of Cu 2 SnS 3 and ZnS. The thickness was converted to the number of atoms per pulse assuming a bulk density of 4.079 g/cm 2 for ZnS and 5.02 g/cm 2 for Cu 2 SnS 3 [17] .
The transmission of the films was measured with a Cary 50 photospectrometer and the absorption coefficient α estimated from the formula α = 1/d*ln(1/T), where d is the film thickness, and T the transmission as a fraction of 1 [28] . Here we make the simplifying assumption that all the incident light is either transmitted or absorbed, with reflection and scattering being negligible. The optical band gap was determined by extrapolating the quantity (αhν) 2 to zero assuming direct optical transitions.
X-ray diffraction (XRD) was carried out using a Bruker D8 diffractometer in Bragg-Brentano configuration using Cu K α and Cu K β radiation. The step size was 0.02° at 1 step/s for ZnS films (0.01° steps at 0.75 step/s for the room temperature film shown in Fig. 3a ) and 0.01° using 0.75 step/s for the Cu 2 SnS 3 films. Peaks were identified manually after stripping the Cu K α2 signal using the program EVA and the peak patterns were matched to the relevant JCPDS files.
Energy dispersive X-ray spectroscopy (EDX) was done with 15 keV electrons with a Bruker
Quantax 70 system integrated into a Hitachi TM3000 scanning electron microscope (X-ray take-off angle 25°). The average emission depth of the detected X-rays was modeled with CASINO software version 2.48 assuming a flat sample surface [29] . SEM imaging was carried out both with the Hitachi TM3000 microscope and with a Zeiss SUPRA SEM.
Results and discussion
The films of ZnS were transparent, appeared lightly colored due to thin film interference, and looked smooth (Fig 1a shows 
Deposition rate
The deposition rate of ZnS and Cu 2 SnS 3 was similar and did not change significantly with increasing deposition temperature from room temperature to 300 °C for ZnS and from room temperature to 250 °C for Cu 2 SnS 3 (see Fig 2) . This is consistent with the observations of Xin et al. [5] , who found that the growth rate of ZnS was constant from room temperature to about 300°C.
The deposition rate measurements of Zn, Cu and Sn metals taken under similar conditions [30] is significantly lower than the deposition rate of ZnS. This is partly because the heat conduction of sintered ZnS-target is much lower than for the metals and partly because the sintered target may have a high amount of defects at the grain boundaries which absorb photons at the laser energy 3.49 eV, which is slightly below the direct band gap energy of 3.54 eV for a perfect cubic-phase ZnS crystal. Figure 3 shows X-ray diffraction patterns for films of ZnS and Cu 2 SnS 3 deposited at different temperatures.
Crystal structure
ZnS films deposited at room temperature show a broad X-ray diffraction peak at the expected position of the cubic (220)/hexagonal (110) reflection (Fig. 3a) . As the deposition temperature increases, this peak disappears while reflections appear at about 28.5°, at a slightly smaller angle than the cubic (111) plane/hexagonal (002) plane, as well as at about 56°, at a slightly smaller angle than the cubic (311) plane/hexagonal (112) plane. Additionally, a small peak appears at about 26° which may originate from the hexagonal (100) peak. The relatively high signal-to-noise ratio of the ZnS XRD measurements occurs because the films are thin compared to the penetration depth of the X-rays. With increased temperature the main peak at 28.5° increases in height, which could indicate an increasing fraction of crystalline versus amorphous material.
The observed peak positions are similar to observations using pulsed electron deposition by Zanettini et al. [21] . This group investigated the same range of deposition temperatures using soda lime glass substrates and observed a similar structural modification from preferential cubic (220) growth direction at room temperature to cubic (111)-growth at higher temperature. Unlike Zanettini et al., however, we do not clearly observe a complete transition to the hexagonal phase at 300 °C. In another study using Table 1 (all JCPDS references in the caption of Fig. 3 ).
Elemental composition
Results from energy dispersive X-ray spectroscopy (EDX) show that the expected elements are present in the films (Zn and S for ZnS; Cu, Sn and S for Cu 2 SnS 3 ). Quantifying the amount of each element is 6 difficult as the 15 keV electrons penetrate the layer of interest and enter partly into the substrate, such that the X-ray signal does not derive from a uniform region (see Table 1 ). This geometry most likely causes overestimation of the signal of Zn in ZnS and of Cu in Cu 2 SnS 3 . Nonetheless, films of similar thickness may be compared.
On this basis, we can show that for the ZnS films there is less S in films deposited at room temperature than at elevated temperature, while there is no difference between the composition of films deposited at 100 °C, 200 °C, and 300 °C within +/-1 at. % equivalent to the variation between measurements of the same film. Changing the fluence from 0.8 J/cm 2 to 1.4 J/cm 2 does not measurably alter the composition of films at room temperature.
Similarly, for the Cu 2 SnS 3 films, the S-content increases as the deposition temperature is raised from room temperature to 250 °C. Moreover, an increase in fluence from 0.6 J/cm 2 to 1.6 J/cm 2 results in a decrease in S and Sn content ( Table 1 
Optical properties
The absorption properties of the ZnS thin films as a function of deposition temperature are shown in Fig. 4a . The optical band gap of ZnS increases with the deposition temperature in a manner very similar to that observed by Zanettini et al. [21] using pulsed electron deposition (inset in Fig. 4a ). The trend of increasing optical band gap with increasing temperature was also seen for laser-deposited films at temperatures from room temperature to 660 °C by Xin et al. [5] , although this group did not see an optical band gap at all for films deposited at room temperature.
As estimated from Fig. 4a , the value for the optical band gap of the film deposited at 300 °C approaches the expected value of the direct band gap of cubic ZnS, i.e, 3.54 eV. Together with the 7 XRD data, which show an increase in crystallite formation with deposition temperature, the increase in optical band gap with temperature may reflect a change from a material that is partly amorphous with small cubic-phase crystallites to a material with larger crystals and a mix of cubic-phase and hexagonal-phase crystals, increasing the average absorption threshold.
On close comparison to the data of Zanettini et al. [21] , it is interesting to note that the highest optical band gap observed by Zanettini et al. is slightly higher than that observed here, and is closer to the direct electronic band gap of hexagonal-phase ZnS, which is 3.67 eV. This may reflect a difference between pulsed laser and pulsed electron deposition, with a clearer transition to the hexagonal phase already at 300 °C with pulsed electron deposition. This would parallel the observed difference in the Xray diffraction patterns, where Zanettini et al. observe a change to a pattern that more closely matches the hexagonal phase at 300 °C.
The transmission spectrum of the Cu 2 SnS 3 thin films deposited at different temperatures is shown in from its XRD pattern to be tetragonal-phase Cu 2 SnS 3 , is not far from the previously reported band gap of 1.35 eV for this phase [31] . The XRD patterns of the 250 °C films indicate that we do not have pure phase Cu 2 SnS 3 at this temperature but rather a mix of phases and the optical band gap must therefore reflect a mix of the absorption of these different phases.
Conclusion
In this work we have shown that pulsed laser deposition of ZnS can result in a high deposition rate, with films most likely consisting of a mix of cubic and hexagonal phases. The film quality appears to improve with substrate temperature up to 300 °C: with increasing temperature the optical band gap approaches that of the direct band gap of cubic-phase ZnS while the X-ray diffraction pattern indicates 8 an increasing crystalline fraction. These results are in close agreement with results from both pulsed laser deposition and pulsed electron deposition [5, 21, 23] .
We have successfully used pulsed laser deposition to create films of Cu 2 SnS 3 in the tetragonal phase at 150 °C, though more work is needed to confirm that the films are stoichiometric. These films are covered by particulates, but this issue can, for example, be reduced by applying a shorter wavelength, e.g. 248 nm, in the PLD-process [3] . films averaged nearest 100 nm (due to droplets on Cu-Sn-S film surfaces, some parts of these films are thicker).
** 50 % of the X-rays reaching the EDX detector come from this depth or less; emissions are averaged from Zn and S K-lines or, as appropriate, from Cu K-lines, Sn L-lines and S K-lines (15 keV electron excitation modeled by Casino [29] ). *** Zn and Cu K-lines are used. Cu and Zn are overestimated in films thinner than the penetration depth of the electrons. The variation in measurements made on different films made under the same circumstances and on the same film measured on different days is approx. 1-2 % absolute. 
